The observations of Gornall & Hunter (1943) show that, at concentrations below 100 mg./100 ml., ornithine is uniformly a more effective catalyst of urea synthesis from ammonia in rat-liver slices than is citrulline. This difference in effectiveness appears to be at variance with what is to be expected of the cycle proposed by Krebs & Henseleit (1932) , in which ornithine is transformed through citrulline into arginine, which, in turn, is hydrolysed to yield urea and more ornithine. The increase in the steady-state rate of urea formation would be expected to be the same following equimolar additions of either ornithine or citrulline to systems catalysing this cycle, and during the approach to steady-state conditions the rate of increase in velocity of urea formation would be expected to be greater when citrulline is added than when ornithine is added. Therefore, the mean rate of urea formation over any period following the addition of a given amount of citrulline would be expected to be not less than the rate over the same period following the addition of an equimolar amount of ornithine.
It has been suggested by Krebs (1952) that the discrepancy between observation and this expectation is due to differences in accessibility of liver cells to the two amino acids. This suggestion appeared to receive some support from the observation of Christensen, Riggs, Fischer & Palatine (1952) that acy-diaminobutyric acid, the next lower homologue of ornithine, is powerfully concentrated by mouse liver.
The present investigation was undertaken to determine directly whether the greater effectiveness of ornithine could be accounted for in terms of differences of ease of penetration of ornithine and citrulline into liver cells.
METHODS

Materials
Male and female rats of about 250 g. body wt. were used. All animals were fed on stock diets until required.
Liver slices were cut with the apparatus of Mcllwain & Buddle (1953) at a nominal thickness of 0-225 mm. Immediately after cutting, the slices were washed with about 250 ml. of warm oxygenated Krebs bicarbonate-lactate medium (Krebs & Henseleit, 1932) , the cutting and washing being complete within 10 min.
L-Ornithine hydrochloride and L-citrulline were obtained from Roche Products Ltd.
Incubation procedure Approx. 100 mg. of slices was incubated at 370 in 10 ml. of the bicarbonate-lactate medium. The slices were kept suspended by a stream of gas mixture (02+CO2; 95:5) introduced at the bottom of the tube. The incubation tubes were fitted with air condensers. A trace of tributyl citrate was used to prevent frothing. Control experiments showed that this had no effect on the ability of liver slices to synthesize urea.
Fifteen minutes after adding ornithine or citrulline the slices were removed from the medium, blotted briefly on Whatman no. 54 filter paper, and placed in weighed bottles containing 1 ml. of 50% (w/v) trichloroacetic acid (TCA).
A 5 ml. sample of medium was also pipetted into 0*65 ml. of 50% TCA. The slices were weighed and were then quantitatively transferred to a glass mortar with water, and ground up finely. The resulting suspension was quantitatively transferred to a weighed centrifuge tube with more water, and the solid separated by centrifuging. The whole of the supernatant (7-10 ml.) was taken for analysis. The dry weight of the slices was determined by reweighing the centrifuge tubes after they had been dried at 1050 overnight. The trichloroacetic acid sublimes during the heating at 105°. Liver water was taken to be equal to the difference between fresh weight and dry weight of the slices.
Analytical methods
Direct colorimetric estimations. Ornithine was estimated according to the method of Chinard (1952) applied directly to TCA extracts, with a Spekker absorptiometer (Ilford spectrum filter no. 603). Citrulline was estimated by the method of Fearon (1939) , as modified by Gornall & Hunter (1941) , with a Pulfrich step photometer modified in a manner similar to that described by Stampfli (1945) .
Separation of ornithine and citrulline from interfering substances. Columns (5 cm. x 0-5 cm.) of Dowex 50 resin (2 % cross-linkage, 200-400 mesh) were washed with 10 ml. of N-HCI followed by 10 ml. of water. The TCA extract to be analysed was transferred quantitatively to the column and allowed to run through, followed by 10 ml. of water. The column was washed with 5 ml. of0-1 N-NH3soln. This did not displace ornithine or citrulline from a column of these dimensions, and it was thought that it might displace weakly held contaminant cations. The column was then washed with 10 ml. of water. All eluates to this point were discarded. The column was then washed with 10 ml. of N-NH3 soln. followed by 10 ml. of water, and the eluates were collected. Tests showed that up to 1 mg. of ornithine or citrulline was quantitatively recovered from the column in these eluates. Finally, the eluates were evaporated to dryness at low pressure and temperature (not over 400), and the residue was taken up in 0 5 ml. of water.
Paper electrophoresis. The apparatus used was similar to that described by Markham & Smith (1952) . The addition of coils for the circulation of tap water through the CC14 bath in which the paper was immersed kept the temperature of the bath constant and made prolonged electrophoresis more satisfactory.
Ratliver contains a major unidentifiedninhydrin-reacting component which runs close to eitrulline at most pH values and is most readily separated from it at pH 3-2. Since ornithine is easily separated from other amino acids at this pH we have used electrophoresis for 3 hr. at 20v/cm. in 0-045M phthalate buffer of pH 3-2 as a routine procedure. Whatman no. 3 paper (18 cm. x 50 cm.) was used and 100plO. spots of concentrated column eluate were applied. Table 1 gives the rates of migration of a number of amino acids in these conditions. Colour development and measurement on paper. The method used was essentially that of Harris, Mittwoch, Robson & Warren (1954) . We are grateful to Professor Warren for supplying the details before publication. The paper was dipped in 0-4% ninhydrin in 95% aqueous acetone (v/v) and dried. The colour was developed by heating at 600 for 30 min. This was most satisfactorily accomplished by wrapping the paper round a 101. bottle filled with water thermostatically maintained at 60°. After heating, the paper was dipped into a solution made by diluting 2 ml. of saturated aqueous Cu(NO3)2 and 04 ml. of 10% (v/v) HNO3 to 100 ml. with acetone, and allowed to dry. The colours are intensified and made orange-red by this treatment. The coloured spots were cut out and the colour was eluted with methanol (5 ml. or more according to the intensity of the colour). The extinctions of the orange-red methanol solutions were measured at 510 m,. in a Unicam spectrophotometer.
Calibration curves were prepared for solutions of the amino acids in the Krebs lactate medium and carried through the whole procedure, including addition of TCA, the resin stage, concentration, and separation by electrophoresis. Linear relations were obtained for both amino acids up to concentrations of 100 mg./100 ml. in the original solution. The same linear relations between concentration and extinction were found for ornithine and citrulline whether they were placed directly on paper or taken through Concentrations in the medium water and liver water (wet wt. -dry wt.) are compared in Fig. 1 . The linearity of the relation between the concentrations in liver water and in medium water suggests that ornithine enters by simple diffusion, but the large apparent ornithine content of the liver in the absence of ornithine in the medium, together with the known lack ofspecificity of the method (see Chinard, 1952) , makes the interpretation ofthe data uncertain.
Paper electrophores8s. This more specific method was used in experiments in which the incubatioti period was again 15 min. and the initial ornithine concentrations were 0, 5*9, 11-8 and 17*7 ,umoles in the 10 ml. of medium. Fig. 2 shows the results. These experiments give regular results, pointing unequivocally to a linear relation between concentrations in liver water and in medium water, and the apparent omithine in the absence of added omithine is low.
Measurement of the penetration of citrulline into liver 8lice8 Fearon's method. The same general procedure of incubation with amino acid for 15 min. as was used in the ornithine experiments was followed in all the experiments with citrulline. Initial citrulline concentrations of 0, 11*4 and 22-8 pmoles/10 ml. were used. Fig. 3 gives the results of five experiments in which citrulline was estimated by Fearon's (1939) method. They show a linear relation between concentrations in medium and liver water, but the apparent citrulline in the liver water in the absence of added citrulline is rather high. Concn. in medium (jrmoles/10 ml.) Fig. 3 . Relation between liver and medium water concentrations of citrulline after incubation for 15 mi., Fearon's method being used to estimate citrulline. Slope = 1-146±0-092; intercept =9-31. 1956 108 Vol. 64 ORNITHINE AND CI Paper electrophoresi8. The results are given in Fig. 4 . There is no doubt that they are best described by a linear relation, and that the apparent citrulline in the absence of added citrulline is much lower than that found with Fearon's method of estimation.
Simultaneou8 penetration of ornithine and citrulline
We have shown (Bronk & Fisher, 1955 Concn. in medium (,umoles/10 ml.) Fig. 4 . Relation between liver and medium water concentrations of citrulline after incubation for 15 min., paper electrophoresis being used to estimate citrulline. Slope = 1-051 ± 0087; intercept =3-01. [T'RULLINE IN LIVER 109 rapidly by simple diffusion, it was thought advisable, in view of the competition in catalysis of urea synthesis, to make sure that they did not compete for a pathway of entry into liver cells. Experiments were therefore made in which liver slices were incubated for 15 min. in medium containing both ornithine and citrulline. The results are presented in Table 2 , in which the ratio of concentration in liver water to concentration in medium water is given for these experiments and for the earlier ones in which the amino acids were incubated singly with liver at the same concentrations. It is clear that the presence of the second amino acid does not affect penetration.
Effect of time of incubation on penetration
Comparison of the results obtained with the direct colorimetric methods for the two amino acids with those obtained from paper-electrophoretic separation makes it clear that a large part of the apparent ornithine and citrulline found by the direct colorimetric methods in liver slices incubated in the absence of added amino acid must be some other contaminant material. The estimate of citrulline obtained by Fearon's method in these circumstances is three times that obtained by electrophoretic separation. The estimate of ornithine obtained by Chinard's method is between four and five times that obtained by the electrophoretic method.
However, in liver incubated in the absence of added amino acids the paper-electrophoretic technique still indicates appreciable amounts of apparent ornithine and citrulline, and the apparent concentrations of these two amino acids in liver water are much higher than their concentrations in the medium. This raises the question of whether there may be processes by which ornithine and citrulline can be concentrated in the liver cells. If such processes were occurring it would be expected that, at all concentrations of these amino acids in the medium, their concentration in liver water would rise in time above that in the medium. We have therefore made experiments identical with the 15 min. experiments (Table 2), except that the incubations were continued for 30 min. The data are given in Table 3 . It is seen that the internal concentration of amino acid is not increased significantly in any instance above that to be expected in comparable 15 min. experiments. The failure of either amino acid to undergo further apparent accumulation in the liver in the experiments in which amino acid was added cannot be ascribed to lack of material in the medium: the ratio of volume of medium water to liver water in the experiments is about 20:1, so that enough apparent ornithine and citrulline were present to permit large increases in concentration ratio.
Recovery experiments
In order to interpret the penetration data it was necessary to know the completeness of recovery of the amino acids from liver slices. Recovery experiments were made by adding liver slices, incubated in the absence of added amino acid, to TCA in the usual fashion, and then adding a known amount of amino acid and carrying out the appropriate method of estimation. The results of these experiments are given in Table 4 .
DISCUSSION
The uniformity with which the results of the penetration experiments can be described in terms of a linear relation means that one can say that every increment of concentration in the medium water produces a proportionate increment of the concentration in liver water. Ifit were possible to establish that all the apparent ornithine or citrulline in liver water in the absence of added amino acid was not ornithine or citrulline but a contaminant, then one could say that the concentration of the amino acid in liver water was directly proportional to that in the medium, the constant of proportionality being the slope of the regression line. This proviso is not fulfilled. But it is clear, from comparison of the estimates obtained by the Chinard and Fearon methods with those obtained by paper electrophoresis, that most of the apparent ornithine and citrulline found by the direct colorimetric procedures when no amino acid has been added to the medium must be contaminant material. Also (see Table 3 ) prolonging the period of incubation of the slices from 15 to 30 min. does not increase the concentration of apparent ornithine or citrulline in the liver water. Thus it is difficult to account for the apparent ornithine and citrulline on any hypothesis of active accumulation, and it seems most probable that the apparent residual material is a contaminant. The data ofTable 3 are most simply explained on the assumptionthatthemethodofpaperelectrophoresis, though far more specific than the Chinard and Fearon methods, is still not perfectly specific for ornithine and citrulline, and that little or none of the amino acid estimated in the liver slices incubated in the absence of added ornithine or citrulline is in the form of ornithine or citrulline. This is not a very important question in relation to the main purpose of this work since, even if active accumulation of the amino acids can occur to some extent, the data of Table 3 indicate that it must be occurring maximally at very low internal amino acid concentration. At the concentrations of ornithine and citrulline which are usually used in the study of urea synthesis the liver cells behave almost exactly as if the sole process governing entry was passive diffusion of the amino acids.
The slopes of the regression lines in Figs. 2-4 should therefore represent ratios of increments in amino acid concentration in liver water to increments in amino acid concentration in medium water, provided that there is nothing in liver which interferes with the estimation of added amino acid. Table 4 compares the regression coefficients (multiplied by 100 so that they give concentration in liver water as percentage of that in the medium) with percentage recoveries. It appears that liver contains something which interferes with Chinard's Comparison between the regression coefficients and the percentage recoveries shows that in all instances the two agree within the limits of experimental error. Little or no weight can be placed on the differences which are shown, but it is of interest that the trend is for regression coefficients to be less than recoveries for ornithine and greater than recoveries for citrulline, so that there is a slight suggestion that citrulline penetrates into liver water more rapidly than ornithine.
We may conclude from this work that, at the concentrations of ornithine and citrulline ordinarily used in the study of urea synthesis, the intracellular concentration of both amino acids becomes indistinguishable from the extemal concentration within 15 min. of addition of the amino acid. In experiments such as those of Gornall & Hunter (1943) involving incubations of 2 hr. there can be no question of differences of cell permeability contributing appreciably to the differences in response to ornithine and citrulline.
It might, however, appear to be possible to invoke a permeability factor in connexion with penetration of the amino acids into intracellular particles, but such an explanation of the lower effectiveness of citrulline has to contend with the demonstration by Cohen & Hayano (1948) that the enzymes converting citrulline into arginine occur in the non-particulate fraction of the cytoplasm. That is, any intracellular permeability barrier would be expected to operate to the disadvantage of ornithine. SUMMARY 1. Methods are described for concentration and separation by paper electrophoresis of ornithine and citrulline, and for their subsequent determination by the ninhydrin procedure of Harris et al. (1954) .
2. These methods, and those of Chinard (1952) and Fearon (1939) , have been applied to the study of the penetration of omithine and citrulline into ratliver slices.
3. Citrulline appears to penetrate a little more readily than omithine. Both amino acids have almost the same concentration in liver water as in medium water after incubation for 15 min. at 37°.
4. No significant changes in the concentrations of the amino acids in liver water occur when the period of incubation is prolonged to 30 min.
5. The data do not support the view that ornithine is a more effective catalyst of urea synthesis than citrulline because it has easier access to liver cells.
